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ABSTRACT 


A  small  counterflow  test  unit  which  consists  of  a  shock  tunnel  and 
a  hypervelocity  launcher  is  being  evaluated  at  the  VKF,  AEDC.  The 
results  of  the  shock  tunnel  calibration,  the  performance  of  the  model 
launcher  system,  counterflow  operating  experiences,  and  some  pre¬ 
liminary  measurements  of  shock -cap  radiation  are  reported.  The 
shock  tunnel  calibration  data  for  a  room-temperature,  helium  driver 
gas  are  shown  to  confirm  theoretical  calculations  and  indicate  clean 
uniform  flow  during  a  4-  to  5-msec  run  time.  Aluminum  spheres  of 
0.  95-cm  diam  (0.  375  in.)  were  launched  with  a  2-stage,  light-gas  gun 
at  velocities  between  4.0  and  5.5  km/ sec  (13,000  and  18,000  fps). 
During  counterflow  runs,  relative  velocities  up  to  7.  5  km/ sec 
(25,000  fps)  were  attained.  Measurements  of  total  radiation  from  the 
shock-caps  of  the  small  spheres  are  in  reasonable  agreement  with 
theories  and  previous  measurements  from  free-flight  and  shock-tube 
facilities. 


iii 


AEDC-TR-65-132 


CONTENTS 

Page 

ABSTRACT .  iii 

NOMENCLATURE .  vi 

I.  INTRODUCTION .  1 

II.  APPARATUS 

2.  1  Shock  Tunnel .  3 

2. 2  Model  Launcher  . .  3 

2. 3  Instrumentation .  4 

III.  PROCEDURE 

3.1  Test  Conditions .  5 

3.  2  Data  Reduction .  5 

3.  3  Precision  of  Measurements .  8 

IV.  DISCUSSION  OF  RESULTS .  9 

V.  SUMMARY  OF  RESULTS .  12 

REFERENCES .  13 

ILLUSTRATIONS 

Figure 

1.  Test  Unit  I  Chemical  Kinetic  Flight  Simulation 

Regimes  and  Typical  Re-entry  Trajectories .  15 

2.  Comparison  of  the  Test  Unit  I  Chemical  Kinetic 
Regimes  and  Typical  Re-entry  Trajectories  in 

Binary- Scaling  Coordinates .  16 

3.  Comparison  of  Theoretical  Calculations  of  Radiance 

of  High  Temperature  Equilibrium  Air .  17 

4.  Photographs  of  Test  Unit  I 

a.  Shock  Tunnel .  18 

;  b.  Model  Launcher .  19 

5.  Time -Distance  Diagram  for  Counterflow  Operation.  .  20 

6.  Sketch  of  the  Test  Unit  I  Model  Launcher .  21 

7.  The  Aluminum  Model  and  Polycarbonate  Sabot 

a.  Photograph  of  the  Sphere  Model  and  Sabot ...  22 

b.  Sketch  of  the  Sphere  Model  and  Sabot .  22 

8.  Radiometer  System 

a.  Sketch  of  Radiometer  and  Slits .  23 

i  b.  Sketch  of  Radiometer  Field  of  View.  .....  23 

c.  Typical  Traces  from  Two  Radiometers  ....  23 


v 


AEDC-TR.65.132 


Figure  Page 

9.  Spectral  Sensitivity  of  the  Radiometer 

a.  Typical  Spectral  Distribution  of  Air 

Radiation .  24 

b.  Relative  Spectral  Response  of  IP-28 

Photomultiplier  Tube .  24 

10.  Shock  Tunnel  Calibration  Results  for  Tailored 
Interface  Operation  at  Mach  10.  8 

a.  Pitot  Pressure  Distribution  in  the  Vertical 

Plane  of  the  Test  Section . 25 


b.  Measured  and  Theoretical  Hemisphere -Cylinder 

Stagnation  Point  Heat  Transfer  Rates .  25 


11.  Events  During  a  Counterflow  Run 

a.  Typical  Pitot  Pressure  Trace .  26 

b.  Typical  Total  Pressure  Trace .  26 

12.  Comparison  of  the  Radiation  Measurements  with 

Theory  and  Data  from  Other  Facilities  .........  27 


TABLES 


I.  Summary  of  Shock  Tunnel  Performance  Data . 29 

II.  Summary  of  Launcher  Performance  and 

Radiation  Data . 30 


NOMENCLATURE 


A 

e 

F 

h 

J 

Jobs 

jLL 

dV 

K 

L 


Effective  area  of  standard  lamp  filament,  cm2 
Measured  radiometer  output,  volt 

Fraction  of  shock-cap  radiation  sensed  by  radiometer 
Enthalpy,  km2/  sec^ 

Radiant  intensity,  watt/steradian 

Radiant  intensity  observed  during  a  run,  watt/steradian 

Radiant  intensity  per  unit  volume,  watt/cm^-steradian 

Radiometer  calibration  constant,  volt/ watt 
Characteristic  length,  cm 


vi 


AEDC.TR-65-132 


Nt  Radiance  per  unit  length,  watt/ cm3 -steradian 

Spectral  radiance  of  the  standard  lamp,  watt/cm.2- 
ste  radian -micron 

P  Pressure,  atm  or  cm  Hg 

R  Model  nose  radius,  m 

R(A)  Relative  spectral  sensitivity  of  photomultiplier 
tube  (RWmaK=l) 

T  Temperature,  °K 

u*,  Model  velocity  relative  to  the  airstream,  km/ sec  or  fps 

V  Model  shock-cap  volume,  cm3 

Veff  Effective  radiating  volume  of  shock-cap  (see  Eq.  (7)),  cm3 
S  Bow-shock  wave  standoff  distance,  m 

A.  Wavelength,  micron 

£1  Solid  angle  subtended  by  photomultiplier  tube,  steradian 

P  Density,  amagat 

SUBSCRIPTS 

c  Conditions  during  calibration 

r  Conditions  during  a  run 

1  Conditions  in  the  shock  tunnel  driven  tube 

2  Equilibrium  air  conditions  behind  normal  shock  wave 

A  Indicates  derivative  with  respect  to  wavelength 

oq  Freestream  conditions 


vii 


AEDC-TR-65-132 


SECTION  I 
INTRODUCTION 


A  pilot  counterflaw  test  unit  is  in  use  at  the  von  Karman  Gas 
Dynamics  Facility  (VKF)*.  This  unit  consists  of  a  gun  which  launches 
bodies  upstream  into  the  test  section  of  a  shock  tunnel,  thereby  pro¬ 
ducing  a  high  relative  speed  of  the  free-flight  body.  The  intention  is 
to  establish  the  feasibility  of  producing  and  measuring  conditions  in  an 
environment  which  can  simulate  a  substantial  portion  of  the  trajectories 
of  re-entry  vehicles  traveling  at  velocities  up  to  11  km/sec  (35,000  fps). 

The  attractiveness  of  a  counterflow  facility  may  be  illustrated  by 
comparing  the  test  regime  with  chemical  kinetic  regimes  and  typical 
re-entry  trajectories.  The  regimes  and  trajectories  of  Fig.  1  have 
been  transferred  to  Fig.  2  for  comparison  in  terms  of  the  simplified 
binary  collision  scaling  law  (Ref.  1),  =  constant  and  p^L  =  constant. 

The  solid-line  test  regime  boundary  in  Figs.  1  and  2  illustrates 
the  present  7.  5  km/ sec  (25,  000  fps)  velocity  limit  and  the  pmL  range 
for  a  1-cm-diam  model.  The  dashed-line  boundary  indicates  the  in¬ 
crease  in  performance  to  about  11  km/ sec  which  may  be  expected  after 
further  development.  The  boundaries  of  the  approximate  chemical 
kinetic  regimes  follow  Ref.  2.  The  three  typical  re-entry  vehicle 
trajectories  were  scaled  to  the  coordinates  of  Fig.  2  with  the  character¬ 
istic  lengths  (L)  shown  at  the  bottom  of  each  trajectory  assumed. 

A  requirement  for  simulation  facilities  for  both  the  equilibrium  and 
nonequilibrium  regimes  may  be  seen  by  comparing  the  chemical  kinetic 
regimes  and  the  trajectories  shown  in  Fig.  2.  The  ability  of  the  tunnel 
to  produce  flow  in  equilibrium  and  flow  with  varying  degrees  of  non¬ 
equilibrium  may  be  noted  by  comparing  the  tunnel  test  regime  with  the 
chemical  kinetic  regimes.  However,  a  comparison  of  the  tunnel  operat¬ 
ing  regime  with  the  trajectories  points  out  the  need  for  even  higher  tun¬ 
nel  velocities  and  densities. 

A  shock  tube  facility  is  well  suited  for  studies  of  model  stagnation 
region  flow  in  the  important  equilibrium  chemistry  regime.  However, 
the  characteristically  low  freestream  Mach  number  limits  the  shock 
tube  for  studies  of  flow  regions  away  from  the  stagnation  region.  Also, 
dissociated  freestream  gas  may  result  when  the  model  flow  is  intended 
to  be  at  low  density  and  high  temperature,  i.  e. ,  in  nonequilibrium. 


*Aerophysics  Branch,  von  Karman  Gas  Dynamics  Facility  (VKF), 
Arnold  Engineering  Development  Center. 
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The  counterflow  facility,  then,  should  prove  particularly  helpful  in  studies 
of  the  flow  field  removed  from  the  stagnation  region,  in  the  equilibrium 
chemistry  regime,  and  for  studies  of  the  effects  attributable  to  the  onset 
and  progression  of  the  nonequilibrium  state  of  the  flow-field  gas. 

The  shock  tunnel  portion  of  Test  Unit  I  was  calibrated  initially,  A 
range  of  shock  tube  conditions  was  used  in  conjunction  with  various 
nozzle  throat  diameters  to  vary  the  shock  tunnel  flow.  During  these 
tests  a  pitot  pressure  rake  and  a  hemisphere -cylinder  heat  transfer 
model  were  used  to  monitor  the  quality  of  the  tunnel  flow.  These  tests 
are  summarized  in  the  section  on  Results  by  presenting  the  data  obtained 
for  tailored  interface  operation  with  the  largest  nozzle  throat.  This  is 
the  test  condition  that  was  used  during  the  counterflow  portion  of  the 
radiation  measurement  tests  reported  herein. 

The  model  launcher  system  was  installed  later.  It  has  been  operated 
both  alone  and  in  conjunction  with  the  shock  tunnel  to  produce  counterflow 
velocities  up  to  7.  5  km/ sec. 

A  study  of  radiation  from  the  equilibrium  shock -cap  of  blunt  bodies 
was  chosen  as  the  initial  experimental  program  for  several  reasons: 

(1)  theoretical  estimates  of  the  radiation  were  available  for  shock  layers 
in  thermochemical  equilibrium;  (2)  experimental  measurements  were 
available  from  counterflow,  aeroballistics  range,  and  shock  tube  facilities; 
(3)  radiation  detection  instrumentation  had  been  a  subject  of  stucfy  in  the 
VKF  for  several  years;  and  {4)  the  results  of  such  a  program  would, 
apparently,  have  important  applications  in  the  design  of  the  heat  shield 
systems  required  for  high  entry-velocity  probes  and  weapons  systems. 

Measurements  of  radiant  intensity  from  the  shock-cap  are  reduced 
to  radiance  per  unit  thickness  in  order  to  compare  the  measurements 
with  theoretical  predictions.  Some  present  theories  are  shown  in  Fig.  3 
in  terms  of  radiance  per  unit  thickness  versus  enthalpy  at  constant  densi¬ 
ties.  The  theories  are  presented  in  this  manner  because  the  total  flow 
enthalpy  will  be  used  in  a  later  figure  as  a  parameter  in  the  comparison 
of  measurements  from  free -flight  and  shock  tube  facilities.  A  Mollier 
diagram  of  the  air  properties  (Ref.  3)  was  used  to  convert  from  density 
and  temperature  to  density  and  enthalpy. 

The  predictions  of  the  two  contending  theories  -  Kivel  and  Bailey 
(Ref.  4)  and  Nardone  et  al .  (Ref.  5)  -  together  with  the  most  recent 
calculations,  those  of  Gilmore  (Ref.  6),  are  shown  in  Fig.  3.  Gilmore 
corrected  and  added  to  the  previous  calculations  of  Meyerott  and 
Sokoloff  (Ref.  7)  for  gas  temperatures  up  to  8000  °K. 
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An  extensive  experimental  study  of  both  equilibrium  and  nonequilib¬ 
rium  blunt-body,  shock-cap  radiation  has  been  conducted  in  the  counter¬ 
flow  facilities  at  the  NASA  Ames  Research  Center,  California.  This 
work  at  velocities  up  to  12  km/sec  (40,  000  fps)  was  recently  summa¬ 
rized  in  Ref.  8.  In  a  recent  publication,  Ref.  9,  Nerem  has  reported 
the  results  of  his  shock  tube  measurements  of  equilibrium  blunt-body 
radiation  at  simulated  velocities  up  to  15  km/ sec  (50,000  fps).  In  ^ 

addition,  experiments  have  been  reported  at  velocities  up  to  6  km/ sec 
(20,000  fps)  from  the  aeroballistics  ranges  of  General  Motors  Defense 
Research  Laboratories  (Refs.  10  and  11)  and  the  Canadian  Armament 
Research  and  Development  Establishment  (Ref.  12). 


SECTION  II 
APPARATUS 


2.1  SHOCK  TUNNEL 

Photographs  showing  two  views  of  the  tunnel  are  presented  in  Fig.  4. 
The  time -distance  relationship  for  the  combined  operation  of  the  shock 
tunnel  and  launcher  system  is  shown  in  Fig.  5.  A  shock  tube  using 
helium  at  room  temperature  as  the  driver  gas  is  used  to  compress  and 
shock -heat  the  air  in  the  driven  tube.  This  air  is  then  expanded  through 
a  conical  nozzle  to  produce  a  test  gas  velocity  of  about  2  km/ sec 
(7000  fps).  The  model  launcher  is  located  at  such  a  distance  from  the 
test  section  that  it  may  be  fired  after  the  shock  tube  activation  by  a 
delayed  signal  from  the  first  shock -velocity  detector. 

The  shock  tunnel  driver  section  is  capable  of  containing  room  tem¬ 
perature  helium  at  pressures  up  to  1000  atm.  A  double  diaphragm 
arrangement,  separating  the  driver  and  driven  sections,  provides  good 
run-to-run  repeatability  of  the  test  gas  stagnation  conditions.  The 
driver  and  driven  gas  pressures  may  be  set  precisely  before  bleeding 
the  gas  from  between  the  diaphragms  to  initiate  the  run.  Clean,  dry 
air  is  used  to  charge  the  driven  tube  up  to  pressures  to  about  100  atm. 


2.2  MODEL  LAUNCHER 

A  description  of  the  small,  2 -stage,  light-gas  launcher  system 
and  its  performance  with  a  0.  75-cm  (0.  3-in.  )-bore,  1.  5-m  (5  ft)-long 
launch  tube  was  given  in  Ref.  13.  A  sketch  of  the  launcher  as  it  is 
presently  used,  with  a  1,27-cm  (0.  5- in. ) -bore,  3.0-m  (lO-ft)-long 
launch  tube,  is  shown  in  Fig.  6.  The  launcher  consists  of  a  powder 
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chamber,  pump  tube,  high  pressure  section,  and  launch  tube.  The 
pump  tube  is  initially  charged  to  20  atm  with  helium.  This  charge  gas 
is  separated  from  the  powder  chamber  by  a  polyethelene  piston,  and 
the  model  forms  the  seal  at  the  other  end  of  the  pump  tube.  Powder 
charges  are  used  to  drive  the  piston,  compressing  the  second-stage 
gas  and  accelerating  the  model  down  the  launch  tube. 

The  aluminum  sphere  model  and  polycarbonate  sabot  are  shown 
in  Fig.  7.  The  flange  at  the  rear  of  the  sabot  acts  as  a  diaphragm 
between  the  pump-tube  charge  gas  and  the  launch  tube.  A  two-stage 
sabot  stripper,  mounted  on  the  end  of  the  launch  tube,  is  used  to  stop 
the  sabot.  The  stripper  uses  four  steel  interference  pins  to  provide 
initial  separation  of  the  model  and  sabot  and  a  lead  bulkhead  to  stop 
the  sabot. 


2.3  INSTRUMENTATION 

The  shock  tunnel  instrumentation  system  includes  several  thin- 
film,  shock-velocity  detectors,  a  piezo -electric  stagnation  pressure 
transducer,  thermocouple-type  heat  transfer  transducers,  and 
variable -reluctance,  "wafer"  type,  pitot  pressure  transducers.  Model 
detector  systems  are  located  at  three  stations,  as  indicated  in  Fig.  5. 
Each  detector  system  consists  of  a  photomultiplier  tube  which  triggers 
a  shadowgraph  and  an  electronic  counter. 

The  radiation  measurement  units  are  shown  in  Fig.  8.  Each 
radiometer  consists  of  a  S-5  spectral  response,  IP- 28  photomulti¬ 
plier  tube,  which  is  made  directional  by  two  narrow  slits.  The  field  of 
view.  Fig.  8b,  was  selected  to  be  large  enough  to  view  the  entire  shock - 
cap,  but  small  enough  to  differentiate  between  radiation  from  the  shock- 
cap  and  the  wake.  Typical  traces  from  two  identical  radiometers  used 
on  the  tunnel  during  all  tests  are  shown  in  Fig.  8c.  The  relatively  flat 
portion  of  the  traces  represents  the  period  during  which  the  entire 
shock -cap  was  within  the  field  of  view. 

This  particular  photomultiplier  tube  was  chosen  from  those  com¬ 
mercially  available  because  it  senses  a  large  spectral  portion  of  the 
shock-cap  radiation.  The  spectral  response  of  the  tube,  along  with  a 
typical  prediction  of  the  spectral  radiance  of  air,  is  shown  in  Fig.  9. 

The  radiometer  system  must  be  capable  of  very  high  frequency 
response  for  the  2-  to  3 -microsecond  total  exposure  time.  Tests  of 
the  readout  circuitry  associated  with  the  photomultiplier  tube  showed 
a  system  rise  time  of  about  20  nanoseconds  to  a  square  wave  input. 

The  100-megacycle  sinusoidal  response  quoted  by  the  manufacturer 
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for  the  photomultiplier  tube  itself  was  assumed  to  be  adequate  for  these 
experiments. 


SECTION  III 
PROCEDURE 


3.1  TEST  CONDITIONS 

During  the  counterflow  tests  which  are  described  here,  the  shock 
tunnel  was  operated  in  the  tailored-interface  mode  with  room  tempera¬ 
ture  helium  and  air  as  the  driver  and  driven  gases,  respectively.  The 
charge  conditions  and  the  resulting  flow  properties  are  summarized  in 
Table  I.  The  highest  available  driver  charge  pressure  (750  atm)  and 
the  largest  nozzle  throat  calibrated  at  the  time  (1.  27-cm  diam)  were 
used  in  the  present  tests.  During  the  launcher-only  tests  the  tunnel 
pressure  was  set  at  0.02  or  0.  1  atm  (see  Table  II),  which  corresponds 
to  free-stream  densities  of  0.  0182  or  0.  091  amg,  respectively. 

Several  possible  sources  of  flow  contamination  which  could  con¬ 
tribute  errors  in  the  radiation  measurements  were  considered.  The 
models  and  sabots  were  washed  beforehand  in  distilled  water,  petroleum 
ether,  and  absolute  ethanol  after  the  example  of  Sadowski  et  al . , 

Ref.  12.  The  inside  of  the  tunnel  was  washed  frequently  to  minimize 
any  effect  of  dust  particles  in  the  range  air.  Before  each  launcher-only 
run,  the  tunnel  was  purged  with  clean,  dry  air.  Periodic  samples  showed 
that  the  water  vapor  content  was  200  to  300  ppm  and  that  there  was  no 
leakage  of  helium  from  the  launcher.  Dust  sampling,  which  consisted  of 
pumping  about  200  gm  (0.  5  lb)  of  tunnel  air  through  a  millipore  filter, 
showed  traces  which  could  not  be  weighed  on  standard  balances  (less 
than  0,  1  milligram  of  dust). 

Mixing  of  the  shock  tube  driver  and  driven  gases  could  contribute 
helium  as  a  contaminant  in  the  shock  tunnel  flow.  Calculations  of  inter¬ 
face  acceleration  were  made,  with  mass  flow  through  the  nozzle  throat 
and  Mirels'  boundary  layer  theory.  Ref.  14,  considered.  These  calcula¬ 
tions  indicated  arrival  of  the  helium  25  msec  after  start  of  the  run.  The 
radiation  data-taking  period,  at  2  to  4  msec,  was  thus  very  conservative 
in  this  regard. 


3.2  DATA  REDUCTION 

The  gas  properties  were  computed  for  each  counterflow  run  using  a 
real,  equilibrium  air  program  and  a  7074  computer.  The  program 


5 


AEDC-TR-65-132 


included  measured  values  of  incident  shock  Mach  number,  tunnel  stag¬ 
nation  pressure,  pitot  pressure,  and  model  velocity.  Properties  in 
the  tunnel  stagnation  region,  freestream,  and  model  stagnation  region 
were  computed  with  an  equilibrium,  isentropic  expansion  through  the 
nozzle  assumed.  The  real  air  properties  of  Ref.  3  and  the  shock 
crossing  equations  of  Ref.  15  were  used  in  the  computer  program. 

The  radiometer  system  was  calibrated  relative  to  a  tungsten 
filament  lamp  which  had  been  calibrated  by  the  National  Bureau  of 
Standards.  The  response  of  the  radiometer  to  the  standard  lamp  is 
given  by: 

ec  =  K  4  4  4  dA  dfi  dA  =  KA  nc  f\  na  r{a>  dA  •  volt  (1) 

where 

A  effective  area  of  the  standard  lamp  filament,  cm^ 

ec  measured  radiometer  output,  volt 

K  calibration  constant,  volt /watt 

Na  spectral  radiance  of  the  standard  lamp,  watt/cm2- 
steradian-micron 

RtX)  relative  spectral  response  of  the  photomultiplier  tube 

') 

A  wavelength,  micron 

ftc  solid  angle  subtended  by  the  photomultiplier  tube  with 
apex  at  the  standard  lamp  filament,  steradian 

Values  of  the  integral  in  Eq.  (1)  were  determined  for  various  cur¬ 
rent  settings  of  the  standard  lamp,  A  plot  of  ec  versus  the  integral 
showed  a  linear  relationship  up  to  the  saturation  point  of  the  photo¬ 
multiplier  tube.  The  value  of  K  was  determined  from  the  slope  of  the 
linear  portion  of  the  curve.  Operation  in  the  tunnel  was  limited  to  levels 
corresponding  to  the  linear  portion  of  the  curve  by  the  use  of  calibrated, 
neutral  density  filters. 

When  the  radiometer  views  the  model  shock-cap  the  response  is: 

er  =  K  4  4  4  -TT  H(A)  dV  dfi  dA  -  Knr  4rw/v  dv  dA  ’ volt  (2) 

where  er  measured  radiometer  output,  volt 

spectral  radiant  intensity  per  unit  volume,  watt/  cm3  - 
steradian-micron 

volume  of  gas  in  the  model  shock -cap,  cm3 

solid  angle  subtended  by  the  photomultiplier  tube  with 
apex  at  the  model,  steradian 
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It  is  evident  in  Eq,  (2)  that  the  desired  quantity,  the  radiant  intensity 

j!  /,  dVdX,  is  modified  by  the  photomultiplier  tube  response,  R(A). 

However,  the  observed  radiant  intensity,  Joba  ,  may  be  calculated  from: 

^obs  ^  Ay  dVdA  =  -q-  ,  watt/steradian  (3) 

In  order  to  account  for  the  tube  response  the  quantity  F  was  defined: 

„  &Jh/v-5nrRW'dV  dfidA 

F  =  -  -  (4) 

f,  JL  f  - 4-  d  V  d  Q  dA 

-’A-'fl-'v  dv 

F  is  the  fraction  of  the  emitted  intensity  responded  to  by  the  photomulti¬ 
plier  tube.  Thus,  the  radiant  intensity  of  the  shock-cap,  J  »  is: 

j  _  _jqba —  ^  watt/steradian  (3) 

For  computation,  the  equation  for  F  was  simplified  by  assuming  that 
the  spectral  distribution  of  the  radiation  from  the  gas  at  the  model 
stagnation  point  (conditions  and  T2 )  is  representative  of  the  distribu¬ 
tion  of  the  radiation  from  the  entire  shock -cap.  Thus: 


(~dv)  is  the  rac^ant  intensity  per  unit  volume  of  the  shock -cap  gas  behind 
the  normal  portion  of  the  bow- shock  wave,  i.  e. ,  at  the  conditions 
and  Ta ,  watt/ crn^ -steradian.  Values  of  F  were  computed  from  Eq.  (6) 
for  the  range  of  temperature  and  density  encountered  during  the  present 
tests  using  the  tube  manufacturer's  values  of  R(A)  and  theoretical  values 
of  (dJ^/dV),  and  (dJ/dV)j  which  were  tabulated  by  Gilmore  in  Ref.  6. 


The  measurements  were  further  reduced  to  radiant  intensity  per 
unit  volume  at  the  stagnation  point  conditions  so  that  they  could  be  com¬ 
pared  with  the  theoretical  values  shown  in  Fig.  3.  Calculated  values  of 
the  equivalent  uniform  volume  of  air  behind  a  normal  shock  wave  were 
used,  following  Page  and  Arnold  (Ref.  8).  The  effective  volume,  Veff  , 
can  be  defined  mathematically  by: 


’eff 


kSak  & 


dv  dn  dA  fY  Hr^-dv 


JaJq  (■ 


T»7, 


dO  dA 


m. 


cm 


(7) 


where  ^  is  the  radiant  intensity  per  unit  volume  for  the  incremental 
volumes  of  gas  in  the  model  shock-cap,  watt/ cm3  -  steradian. 


Again,  as  indicated  in  Eq.  (7),  the  calculation  procedure  was 
simplified  by  assuming  that  the  spectral  distribution  of  radiation  from 
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the  stagnation  point  gas  is  representative  of  the  spectral  distribution 
over  the  entire  shock -cap.  The  integral  in  Eq>  (7)  has  been  numerically 
evaluated  for  three  of  the  present  test  conditions  using  values  of  dJ/dV 
from  Gilmore.  The  following  values  of  Vef{  were  obtained: 

,  km/sec  Px  ,  amg  Veif ,  cm* 


4.0 

0.091 

0.0079 

5.0 

0.091 

0.0070 

5.0 

0.0182 

0.0066 

The  numerical  evaluation  was  similar  to  the  method  of  Page  and  Arnold, 
except  that  actual  bow-shock  wave  shapes  from  shadowgraph  pictures 
were  used  in  the  present  evaluation.  Shock  wave  standoff  distances 
were  computed  from  the  correlation  given  in  Ref.  15: 

-f-  =  0.75  P'B/Pa  (8) 

Because  the  method  for  computing  Veff  obviously  is  approximate,  recal¬ 
culation  of  ve{{  for  every  operating  condition  was  not  believed  warranted; 
and  an  average  of  the  computed  volumes,  0.  0072  cm3,  was  used  in  the 
reduction  of  all  the  data  (see  Table  II). 


The  radiant  intensity  per  unit  volume,  dJ/dV  ,  and  radiance  per  unit 
length,  dN/d£  ,  are  synonymous  and  they  are  used  alternately  by  the  authors 
of  Refs.  4  through  12.  The  intensity  term,  dJ/dV  ,  fits  very  well  in  the 
equations  normally  given  to  explain  the  data  interpretation  process  (see 
Eqs.  (2)  through  (7));  however,  the  radiance  term,  dN/d/  ,  is  probably  a 
better  term  to  relate  the  shock-cap  radiation  measurements  to  the  normal 
radiometry  concept  of  radiance  of  the  surface  of  a  black  or  grey  body. 
Consequently,  the  quantity,  ,  defined  as  the  radiance  per  unit  length  of 
radiating  gas,  and  computed  from  the  relationship. 


N, 


J 

V.ff 


watt/cm* 


—  steradian 


(9) 


will  be  used  in  subsequent  descriptions  of  the  radiation  data.  Note 
that, 

NJt  =  =  ('dv)i  •  watt/cra‘  ~  steradian  (10) 


3.3  PRECISION  OF  MEASUREMENTS 

The  table  on  the  following  page  gives  estimates  of  the  precision 
of  the  basic  tunnel  measurements. 
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Precision, 


Measurement 

Percent 

Driven  Tube  Charge  Press.,  p, 

±5 

Shock  Velocity 

±5 

Stagnation  Press. 

±5 

Pitot  Press. 

±5 

Heat  Transfer  Rate 

±10 

Model  Velocity, 

±2 

Range  Press. ,  p* 

±2 

These  estimates  are  based  upon  the  repeatability  of  the  instrumentation 
systems  from  calibration  to  calibration,  variations  in  individual  meas¬ 
urements  during  a  given  run,  and  discrepancies  between  dual  measure¬ 
ments  during  a  given  run. 

Calibrations  of  the  radiometers  relative  to  two  standard  lamps 
agreed  within  ±10  percent.  During  80  percent  of  the  runs,  the  readings 
of  two  identical  radiometers  agreed  within  ±10%;  however,  differences 
of  a  factor  of  two  have  been  observed.  In  addition,  relatively  large 
variations  in  radiometer  sensitivity,  ±20%,  have  been  noted  during 
periodic  calibrations.  These  two  discrepancies  are  known  to  exist  but 
their  causes  have  not  been  identified.  Because  of  this  lack  of  under¬ 
standing  of  some  basic  measurement  problems  and  considering  the 
assumptions  which  are  made  in  interpreting  the  measurements,  the 
present  radiation  data  must  be  considered  somewhat  preliminary. 


SECTION  IV 

DISCUSSION  OF  RESULTS 


The  shock  tunnel  portion  of  Test  Unit  I  has  been  calibrated  over  a 
range  of  conditions.  Various  combinations  of  driver  and  driven  tube 
pressures  were  tested  in  combination  with  several  nozzle  throats.  Dur¬ 
ing  these  tests,  a  pitot  pressure  rake  and  a  hemisphere -cylinder  heat 
transfer  model  were  used  to  determine  the  quality  of  the  test  section 
flow. 

The  data  presented  in  Fig.  10  are  typical  of  the  calibration  results. 
These  data  were  obtained  for  the  test  condition  used  during  the  counter¬ 
flow  portion  of  the  radiation  measurement  program  discussed.  The 
upper  part  of  Fig.  10  shows  that;  (1)  the  pitot  pressure  profile  was 
uniform  within  ±10%,  over  ±15  cm  from  the  tunnel  centerline  and  (2)  the 
pitot  pressure  level  was  repeatable  from  run  to  run  within  ±10%. 
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Measured  and  theoretical  heat  transfer  rates  at  the  stagnation  point 
of  a  hemisphere  are  compared  in  Fig.  10b.  The  theoretical  rates  are 
based  upon  the  Fay  and  Riddell  theory  (Ref.  17)  using  a  total  flow 
enthalpy  determined  from  measured  values  of  driven  tube  charge  pres¬ 
sure  and  initial  shock  speed.  The  heat  transfer  rates  agree  within  the 
precision  of  the  measurement,  ±10%,  implying  agreement  between 
actual  and  calculated  total  flow  enthalpy. 

The  performance  of  the  launcher  system  is  illustrated  by  the  model 
velocities  listed  in  Table  II.  Launcher  powder  charges  between  85  and 
160  gm  (0.  19  to  0.  35  lb)  resulted  in  model  velocities  between  4.0  and 
5.  5  km/ sec.  The  launch  velocity  for  a  given  powder  charge  was  repeat- 
able  within  ±0.  3  km/ sec. 

A  very  important  characteristic  of  the  launcher  system  for  counter¬ 
flow  operation  is  the  repeatability  of  the  time  interval  between  the 
launcher  fire  signal  and  the  model  arrival  in  the  test  section.  This  is 
illustrated  in  Fig.  11  for  a  series  of  medium-velocity  runs  (130-gm 
launcher  powder  change),  where  a  delay  of  2.  5  msec  was  used  between 
the  shock  tunnel  diaphragm  rupture  and  the  launcher  fire  signal.  The 
model  bow  shock  wave  can  be  seen  to  affect  the  pitot -pres sure  trace 
during  passage  (Fig.  11a),  and  the  model  impacting  in  the  tunnel  throat 
area  produced  a  spike  on  the  total  pressure  trace  (Fig.  lib).  Model 
positioning  in  the  test  section  was  repeatable  within  ±0.  5  msec.  The 
delay  period  was  varied  from  0(85-gm  powder)  to  4  msec  (160-gm 
powder)  to  position  the  model  in  the  test  section  during  the  middle  por¬ 
tion  of  the  shock  tunnel  run. 

The  radiation  data  which  have  been  obtained  are  presented  in 
Fig.  12  along  with  equilibrium  air  data  from  the  Ames  counterflow  tun¬ 
nel  (Ref.  8)  and  the  shock  tube  facility  at  the  Ohio  State  University 
(Ref.  9).  Also  shown  are  the  predictions  of  Kivel  and  Bailey  (Ref.  4) 
and  Nardone  et  al.  (Ref.  5),  but  they  are  oriented  in  a  slightly  different 
manner  than  in  Fig.  3.  The  curves  are  for  either  constant  free-stream 
pressure,  p^, ,  or  for  constant  initial  shock  tube  pressure,  pt ,  as 
indicated  in  the  figure.  The  two  sets  of  constant  p^,  curves  are  repre¬ 
sentative  of  the  manner  in  which  the  present  data  were  obtained,  while 
the  shock  tube  data  may  be  compared  to  the  sets  of  constant  p,  curves. 

It  was  recognized  that  different  sources  of  air  properties  and  use 
of  different  shock-crossing  charts  could  contribute  significant  differ¬ 
ences  between  various  sets  of  data.  Therefore,  the  parameter  h,  was 
chosen  to  make  the  measurements  as  independent  of  properties  and 
theoretical  shock  crossings  as  possible.  One  set  of  shock-crossing 
charts,  those  of  Laird  and  Heron,  Ref.  18,  was  used  for  all  the  data. 
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The  two  most  recent  sets  of  shock -crossing  charts,  those  of  Laird  and 
Heron  and  those  of  Lewis  and  Burgess,  Ref.  15,  were  compared  and 
found  generally  to  agree  within  the  reading  accuracy.  However,  differ¬ 
ences  as  large  as  15%  were  noted  in  density  ratio  at  low  shock  Mach 
numbers  and  high  pressures.  The  charts  of  Laird  were  chosen  because 
they  include  higher  shock  velocities. 

The  enthalpy,  h2 ,  was  determined  for  the  free-flight  data  by  taking 
one -half  the  square  of  the  flight  velocity.  The  shock-cap  enthalpy  was 
determined  for  the  shock  tube  data  from  the  shock  velocity  and  pt  f 
using  the  charts  of  Laird.  Thus,  ha  is  one  of  the  better  known  flow 
parameters  of  either  facility.  The  shock-cap  densities  associated  with 
the  data  were  obtained  from  the  charts  of  Laird  using  either  flight 
velocity  and  ,  or  shock  velocity  and  Pi  ■ 

The  conclusions  of  both  Page  and  Kerem  concerning  their  data 
relative  to  the  theories  are  supported  by  Fig.  12.  Page's  data  are  in 
general  agreement  with  the  theories,  but  the  scatter  is  too  large  to 
identify  the  better  of  the  predictions.  This  may  be  seen  by  comparing 
his  points  at  p2  =  1.  03,  1.0,  0.  98  and  0.  89  amg  with  the  p^,  =0.1  atm 
(p2  =  1.  0  amg)  curves  and  his  points  at  pt  =  0.  13,  0.  11,  0.  092,  and 
0.  19  amg  with  the  p,  =  0. 1  cm  Hg  (p,  =  0. 12  amg)  curves,  etc.  Nerem’s 
data  lie  slightly  below  Kivel's  curves  and  tend  to  support  Nardone's 
predictions,  falling  below  either  curve  at  the  highest  enthalpies. 

The  significant  point  is  that  the  apparent  disagreement  noted  by 
Kerem  between  the  free-flight  tunnel  and  the  shock  tube  data  is  not 
evident  in  this  figure.  Within  the  experimental  scatter,  the  measure¬ 
ments  at  Ames  and  the  Ohio  State  University  are  in  agreement. 

The  present  data  contribute  little  to  the  above  discussion  since  they 
are  below  the  velocity  regime  of  greatest  interest.  However,  they  do 
provide  an  extension  of  the  experimental  data  in  the  low  velocity  regime. 
The  present  launcher -only  data  at  the  high  density,  p2  *  1.0  amg,  are 
in  reasonable  agreement  with  the  theories.  The  lower  density  data, 
pi  =  0.25  amg,  obtained  during  launcher-only  and  counterflow  modes 
of  operation  agree  with  each  other  in  the  range  of  overlap,  at  5.  5  km/ sec. 
The  mean  of  the  low  density  data,  however,  is  a  factor  of  about  two  above 
the  closest  theory.  This  increased  radiation  is  attributed  to  a  significant 
contribution  from  the  nonequilibrium  portion  of  the  gas  in  the  shock-cap. 
This  is  supported  by  the  results  of  Page  and  Arnold.  They  present  a 
graph  of  the  effect  of  density  upon  shock-cap  radiation  at  a  constant 
velocity  of  6.4  km/sec.  Their  data  are  also  a  factor  of  two  to  three 
above  theory  at  the  same  freestream  conditions  used  during  the  present 
lower  density  experiments. 
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Efforts  in  the  near  future  will  be  applied  toward  a  shock  tunnel 
calibration  at  a  condition  which  will  provide  high  density  flow  for  counter  - 
flow  operation.  Measurements  with  more  spectral  resolution  would  con¬ 
tribute  to  the  better  determination  of  the  influence  of  airstream  contam¬ 
ination  upon  radiation  measurements.  Relatively  fine  spectral  resolution 
may  allow  determination  of  the  radiating  species  and  thereby  point  out 
possible  weaknesses  in  the  theoretical  calculations. 


SECTION  V 

SUMMARY  OF  RESULTS 


Results  of  the  shock  tunnel  calibrations  at  Mach  10.  8  and  reservoir 
conditions  of  1900°K  and  550  atm  have  been  presented.  These  results 
show  that  the  pitot  pressure  distribution  is  uniform  within  ±15  cm  of  the 
tunnel  centerline.  In  addition,  the  total  flow  enthalpy  inferred  from 
hemisphere,  stagnation-point,  heat  transfer  measurements  agrees  with 
the  total  enthalpy  calculated  from  measurements  of  shock  tube  conditions 

The  launcher  system  is  capable  of  subjecting  0.  95-cm-diam  alumi¬ 
num  sphere  models  to  velocities  between  4.  0  and  5.  5  km/ sec.  The  . 
velocity  was  repeatable  within  ±0.  3  km/ sec.  During  counterflow  runs, 
relative  velocities  up  to  7.  5  km/ sec  were  obtained.  The  model  could  be 
positioned  in  the  tunnel  test  section  within  a  satisfactory  time  tolerance 
of  ±0.  5  msec. 

Measurements  of  total  shock -cap  radiation  at  velocities  from  4.  0 
to  5.  5  km/sec  and  a  shock- cap  density  of  1  amg  were  in  reasonable 
agreement  with  theoretical  predictions.  Radiation  data  obtained  during 
both  launcher-only  and  counterflow  operations,  at  velocities  between 
4.  5  and  7.  5  km/sec  and  a  shock-cap  density  of  0.  25  amg,  agree  in  the 
region  of  overlapping  velocity.  The  lower  density  data,  however,  are 
a  factor  of  two  above  theory  for  equilibrium  flow,  indicating  a  significant 
contribution  of  radiation  from  the  nonequilibrium  portion  of  the  shock 
layer. 

The  radiation  measurements  were  compared  to  data  from  the 
NASA- Ames  counterflow  tunnel  and  the  Ohio  State  University  shock 
tube  at  equal  total  flow  enthalpies;  and  the  most  current,  theoretical 
shock-crossing  charts  were  used.  The  present  high  density  data  and 
the  data  from  the  other  two  facilities  agree  within  the  scatter  of  the 
measurements. 
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AEDC-TR-65-U2 


—  Present  Test  Regime  Boundary 

- Approximate  Boundary  with  Future  Launcher 

ooo  Chemical  Kinetic  Regime  Boundary  IR~o.3-m,  Ref.  2) 
x  Approximate  Point  of  Maximum  Heat  Rate  (0. 8  u^  max) 


Fig.  1  Test  Unit  I  Chemical  Kinetic  Flight  Simulation 
Regimes  ond  Typical  Re-entry  Trajectories 
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Product  of  Density  and  Characteristic  Length,  p^,  amg-m 


AEDC-TR-65-132 


- Present  Test  Regime  Boundary  (L  =  1  cm> 

- Approximate  Boundary  with  Future  Launcher 

ooo  Chemical  Kinetic  Regime  Boundary  (Ref.  2) 

«  Approximate  Point  of  Maximum  Heat  Rate  (0. 8  u^  ma)() 
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Fig.  2  Comparison  of  the  Test  Unit  I  Chemical  Kinetic  Regimes  and 
Typical  Re-entry  Trajectories  in  Binary-Scaling  Coordinates 
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Radiance  per  Unit  Length,  N» ,  watt/cnr-steradian 
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4  6  8  10  12  14 

Velocity,  u^,  km/sec 


5  6  7  8  9  10  12  14  15 

Shock-cap  Temperature  for  p2  =  10"1  amg,  T2,  °K 

Fig.  3  Comparison  of  Theoretical  Calculations  of  Radiance 
of  High  Temperature  Equilibrium  Air 
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Fig.  5  Time-DUtanee  Diagram  for  Counterflow  Operation 
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w/Am 
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~  Model 

37-mm  Casing 

Launch  Tube  / 

-Piston  (120 gm) 

/ 

*“  Pump  Tube 

High  Pressure 

Section 

All  Dimensions  in  cm 

Fig.  6  Sketch  of  the  Test  Unit  1  Model 

Launcher 

AEDC-TR-65-132 


a.  Photograph  af  the  Sphere  Model  and  Sabot 


Dimensions  in  mm, 
Typical  Weight: 

Sphere  1. 2gm 
Sabot  1.  Ogm 
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b.  Sketch  of  the  Sphere  Model  and  Sobot 
Fig.  7  The  Aluminum  Model  and  Polycarbonate  Sabot 


3  mw/st.  -div 


AEDC*TR*65*132 


Radiometer 


0. 76  x  0. 76  cm 

h - 


-80  cm 


0. 76  x  9  cm 

-  30  cm— | 


a.  Sketch  of  Radiometer  and  Slits 


0.76  cm 
~1.3  cm 


Region  of  Total  View 
Region  of  Partial  View 


b.  Sketch  of  Radiometer  Field  of  View 


Uqq  =  4.3  km /sec 
Poo  =  0.091  amg 


-  0.76  cm- 


Time,  2  Msec  /div-* 


c.  Typical  Traces  from  Two  Radiometers 
Fig.  8  Radiometer  System 
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Spectral  Radiance  per  unit  Length, 
R(X)  N^,  w/cm3-st.-u 
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0  0.2  0.4  0.6  0.8  1.0 

Wavelength,  X, 

a.  Typical  Spectral  Distribution  ol  Air  Radiation 

1.0 

0.8 
0.6 

0.4 
0.2 
0 

0  0.2  0.4  0.6  0.8  1.0 

Wavelength,  X,  |i 

b.  Relative  Spectral  Response  of  IP-28  Photomultiplier  Tube 
Fig.  9  Spectral  Sensitivity  of  the  Radiometer 
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Pitot  Pressure 
Total  Pressure 


AEDC«TR»65»132 


Distance  from  Tunnel  Centerline,  cm 

a.  Pitot  Pressure  Distribution  in  the  Vertical  Plane  of  the  Test  Section 


Symbol  Run  No. 


Theoretical  Heat  Transfer  Rate,  w/cm2 

b.  Measured  and  Theoretical  Hemisphere-Cylinder  Stagnation 
Point  Heat  Transfer  Rates 

Fig.  10  Shock  Tunnel  Calibration  Results  for  Tailored  Interface 
Operation  at  Mach  10.8 
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Total  Pressure,  psia  Pitot  Pressure,  psia 


AEDC-TR-65-132 


Model  In  Test  Section 
from  Shadowgraph  (7  Runs) 


a.  Typical  Pitot  Pressure  Trace 


Model  at 
Throat 


I 


Shock  Tunnel  1 - Fire  Launcher 

Diaphragm  (2.5  msec) 

Rupture  (0) 


b.  Typical  Total  Pressure  Trace 
Fig.  11  Events  During  a  Counterflow  Run 
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Radiance  per  unit  Length,  N# ,  watt/cnr-steradian 
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Page  and  Arnold  (Ref.  8) 
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Nerem  (Ref.  9) 

=  0.12 
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Nerem  (Ref.  9) 

=  0.03 

m 

Nerem  (Ref.  9) 

=  0. 01 

o 

AEDC  Launcher-Only 

=  1.0 

a 

AEDC  Launcher-Only 

=  0.25 

» 

AEDC  Counterflow 

Kivel  and  Bailey  (Ref.  4) 
Nardone  et  al.  (Ref.  3) 

... 

Pqq  *0. 1  atm,  P2~  1.0  amg 


-Pl  -  0. 1  cm  Hg, 
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/nk/x 
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-Pj  ■  0. 02  cm  Hg, 

P2  ~  0.03  amg 
■  — P|  ■  0. 006  cm  Hg, 

/j  P2~  0.01  amg 
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-Pqq  *  0. 02  atm 
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_ Ax¬ 
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Shock-cap  Enthalpy,  h2,  km^'sec^ 
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Velocity,  u^,  km/sec 

Fig.  12  Comparison  of  the  Radiation  Measurements  with  Theory  and  Data  from  Other  Facilities 
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TABLE  I 

SUMMARY  OF  SHOCK  TUNNEL  PERFORMANCE  DATA 


DrivKr  Tube 
Charge 
Preaa, 
atm 

Driven  Tube 
Charge 
Press, 
pp  atm 

Shock 

Mach 

No. 

Total 

Press* 

atm 

Total 

Density 

amg 

Total 

Temp 

°K 

Flow 

Marh 

No. 

Free -stream 
Hcynoltls  No. 
x  10*G,  cm-1 

Free-etream 
Press. 
p„.  »tna 

h'ree -stream 
Density 
pm,  amg 

Free -st  ream 
Temp. 

K 

Free -stream 
Velocity 
uw,  km/sec 

750 

5.  90 

3.  85 

570 

75.5 

1850 

10.7 

0.  0940 

0.00725 

0.  0220 

HU 

2.03 

750 

H.  95 

3.  88 

550 

72.  5 

1900 

10.0 

0.0920 

0,  00750 

0. 0220 

92 

2.  04 

750 

5.  95 

3.93 

545 

70.0 

1950 

10.  9 

0.0790 

0.  0DC15 

0.0185 

91 

2.0ft 

7&n 

5.  90 

3  84 

565 

75.  0 

1850 

10,7 

0.0953 

0. 00730 

0,0223 

89 

2.02 

740 

5.95 

4.  10 

560 

68.  0 

2050 

10.7 

0.0740 

0. 00G70 

0.0185 

99 

2.  14 

750 

5.  95 

3.84 

545 

72.5 

1850 

10.8 

0.  0905 

0.U06KU 

0.0210 

88 

2.02 

735 

5.  95 

3.84 

545 

72.  5 

1850 

10.8 

0.  0880 

0.00645 

0.  0205 

87 

2.03 

750 

5.  85 

3.  90 

565 

73.5 

1900 

10.  9 

0.  0840 

0.00620 

0.0195 

88 

2.06 

750 

5.  95 

3, 82 

545 

73,0 

1890 

>0.8 

0,0895 

0. 00650 

0.0205 

86 

2.02 

790 

5.  85 

3.91 

560 

72,  5 

1900 

10.8 

0.0865 

0.  01)680 

0.0205 

91 

2.  00 

750 

S.  05 

3.  98 

500 

70.  5 

1950 

10.9 

0.0790 

0. 00625 

0.0185 

92 

2.  OH 

750 

5.  95 

3.  34 

560 

74.  5 

1850 

10.7 

0.0935 

0.  00715 

0.0220 

89 

2.  02 

750 

6.05 

4.00 

560 

70.0 

1950 

10.8 

0. 0785 

0.  UUKttb 

0.0185 

93 

2.  10 

770 

5.  95 

3.  B7 

5  70 

75.5 

1850 

10.8 

0.  0915 

0.  00685 

0.0215 

88 

2.01 

750 

ft,  05 

3.89 

585 

76.5 

moo 

10.  7 

0.0945 

0.00745 

0.0225 

01 

2.05 

730 

5.95 

3.84 

535 

72.0 

1850 

10.  9 

0,0900 

0.  00615 

0.  0190 

86 

2.03 

750 

3.  95 

3.87 

560 

73.  5 

1850 

10.8 

0.0895 

0.  00075 

0.  0210 

88 

2.  04 

750 

3.85 

3.  70 

550 

75.  5 

1000 

10. 8 

0.0960 

0. 00675 

0. 0220 

84 

1.99 

750 

G.05 

3.80 

325 

71.0 

1800 

11.0 

0. 0845 

0.00570 

0.0185 

HH 

2.  91 

N  Note:  (km/ sec)  (3.  28  x  103)  =  fpa,  (cm*1)  (2.  54)  -  in.-1 
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TABLE  II 

SUMMARY  OF  LAUNCHER  PERFORMANCE  AND  RADIATION  DATA 


Launcher* 

Powder 

Charge, 

fim 

AeUlitftf 
Velocity, 
u_,  km/ set: 

Frcc-iitreuin  Oi4 

Range  Preab. 
p_,  atm 

■ 

KB 

Relative 
ftcynolds  No. 

x  UJ-6.  cm'  1 

Shock-Cap 
Density, 
1>2,  amg 

Shock  Cap 
Temp, 

T2,  *K 

Shock -Cap 
F'nthal  p\  , 
hy.  km^/suc^ 

watt  /  st 

■ 

1 

a 

watt/ cm** -st 

IbO 

7.  38 

0. 00725 

38.  0 

0.340 

0.315 

620(1 

27  2 

0.54 

0.  68 

IS 

a 

no 

ICO 

7.  16 

0.00750 

37.  4 

0.325 

0.310 

8113(1 

25.8 

0.55 

0.  68 

0.  79 

HO 

130 

6,  77 

0.00615 

35,4 

0.255 

0.250 

7650 

22.  9 

O.  14 

0,  67 

0,21 

28 

130 

fl.  70 

0,00735 

35.4 

0.315 

0.  305 

7650 

22.6 

0.  15 

0,  GG 

0.23 

32 

130 

8,  64 

0.00070 

33.3 

0.  230 

0.250 

7550 

22.2 

11.  67 

0.31 

43 

130 

a.  6i 

0.  00580 

35. 1 

U.  295 

0.283 

7550 

21.9 

0,  17 

0,66 

0.2C 

o.  oc 

72 

3G 

120 

6,  59 

0.  00643 

35  4 

0.  285 

0.271 

7550 

21.  B 

0.41 

0,66 

0.62 

36 

130 

6.  58 

0.  00620 

35.0 

0.270 

0,260 

75  DO 

21.7 

0.  16 

0.  66 

0.27 

38 

120 

6.  54 

0.  00650 

33.0 

0.290 

0,275 

75  DO 

21.  6 

0.  16 

0.  96 

0.27 

38 

120 

6.54 

0.  00680 

34.3 

0.275 

0.270 

7500 

21.  6 

0.24 

0.  69 

0.36 

50 

130 

0.  40 

».  00625 

33,3 

0.240 

0.  24!l 

20.5 

0.  087 

o.  ns 

0.  IS 

IB 

120 

n.  is 

0.00715 

32,9 

U.290 

0.285 

7250 

19,  3 

0.087 

o.  ns 

0.  13 

m 

ft 

16 

130 

6.  03 

0.  00635 

31. 2 

<1.225 

0.  233 

7050 

18.4 

0.074 

17 

no 

5.  72 

0.  00683 

30.4 

0.255 

O.  2  [in 

7000 

IK.  4 

0.057 

O.  93 

0.080 

■ 

13 

100 

5.  67 

0.  00745 

29.  7 

0.260 

0.  270 

0750 

16.2 

0.096 

0.  62 

0.  15 

■ 

m 

21 

100 

5.  34 

0.  00615 

29.  H 

0.235 

0.235 

HKOO 

15.4 

0.037 

0.  61 

0.061 

a 

6. 1 

1 10 

5.46 

0.  00675 

28,9 

0.240 

0.245 

6550 

15.0 

0.042 

0.  61 

0.069 

9.  6 

85 

5.27 

0.00675 

26,5 

0.165 

0.250 

6350 

14.0 

0,030 

0.  60 

0.030 

1 

6.  9 

100 

5.27 

0.  00570 

26.8 

0.  189 

0.215 

6300 

13.9 

0,014 

0.  50 

0. 024 

■ 

1 

3.  3 

160 

5.  46 

0.  020 

15.8 

0.0695 

0.  210 

6500 

15.  0 

0.063 

0.  9L 

0.  10 

■ 

14 

160 

5.34 

0.0 

20 

15.4 

0. 0680 

0.  205 

G35D 

14,3 

0.033 

O.  60 

0.055 

BE 

72 

7.6 

1G0 

5.32 

15.3 

0.  0675 

0.  205 

6350 

14.2 

0.020 

0.61 

0.033 

4.  C 

160 

5.  29 

15.3 

0.0675 

0,  205 

6300 

14.0 

0,026 

0.  61 

0_04K 

6,  4 

160 

5.  29 

15.3 

0,0675 

II 

6300 

14.0 

0.025 

0,  GO 

0.042 

5.6 

5.  23 

15.  1 

0.0665 

6250 

13.  7 

0.  028 

0  GO 

0  047 

■ 

6.5 
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TABLE  II  (Concluded) 


Lnujichrr 
Powder 
Charge . 

Kclativn 
Velnclty , 
ll,,.  km/fipr 

Froo-rtroam  or 
Hangr  Prosa. 
atm 

Jlclutivv 

Much 

NO. 

Helative 
IltyiiuldB  No. 

X  10"®,  CITJ*  1 

Shock -Cfcji 
Den  ally, 

P2i  iun* 

Shock -Cap 
Tump, 

t2,  tc 

feluirk -C'flp 

pnthftlpy  j 

1i2.  kir)2/fifra 

■late- 
watt/  fit 

V 

J. 

wntt/rt 

v*rr. 

cm^ 

Nr 

W8tt/rm3  -rf 

■  lliO 

3.  10 

0. 

12 

14.  0 

.  0.0660 

0.  20  a 

6200 

13.4 

0i  029 

.0.59 

0.049 

).  0( 

72 

6.8 

160 

5.  04 

14.  5 

0.0040 

0.  Sou 

0.  \uu 

6050 

la.  7 

0.01G 

0.  50 

0.020 

3.  9 

lliO 

4.05 

14.3 

0.0530 

(in  on 

12.3 

u.oib 

0.  50 

0.022 

3.  1 

1  HO 

4.  53 

13.  1 

0.0575 

0.  1  90 

0400 

10.3 

o.mib; 

(1.59 

0.  0097 

1.  4 

130 

4.  50 

13.0 

0. 0575 

0.  190 

5400 

in.  i 

0.  00 .1H 

0.50 

0.(1064 

0,99 

150 

6.312 

0. 

10 

15.3 

0.  J40 

0.970 

5530 

14.2 

0.21 

l).  b!> 

0.  3(i 

U.O( 

73 

al) 

160 

o. 

15.3 

0.340 

0.970 

5800 

14.0 

0.21 

0.  bU 

D.  SB 

So 

ICO 

0.  io 

14. 9 

II.  130 

0.955 

5600 

13.4 

0.064 

0.  bi) 

o.  n 

15 

lliO 

5.  15 

14. b 

(1.330 

It.  1150 

G930 

13.3 

0.05b 

0.59 

o  n 

15 

lbO 

5.  14 

M.  a 

0.  330 

O.  !l5u 

C55G 

13.  2 

0.  14 

0.  59 

0.V4 

A  A 

IbU 

5.93 

0. 

10 

14.7 

0.325 

O.  1)45 

1.500 

13.0 

0.071 

0.  69 

0.  12 

0.0< 

T> 

17 

160 

5.00 

14.6 

0.325 

0»H45 

6500 

12.9 

o.ooa 

0.  59 

0.  15 

XI 

160 

5.05 

14.  0 

0.325 

0.  04(1 

liami 

12.  8 

0.  12 

0.69 

0.20 

a? 

160 

5.04 

14.5 

0.320 

O,  040 

(ihoo 

12.7 

0.0Q3 

0.59 

0.14 

is 

1 60 

4.  <19 

14.4 

0.  320 

ti.  U3:> 

0460 

12.  5 

0.  071 

0.  58 

0.  13 

IB 

160 

4.  8.J 

0. 

10 

13.  fl 

0.310 

0.  920 

bxorr 

11.  7 

0,002 

0.  59 

0.11 

0.00 

72 

15 

160 

4.44 

12.  a 

0.385 

0.  BOO 

55(1(1 

9.85 

0.019 

0.  58 

0.033 

4.  8 

UO 

4.30 

12.4 

0.275 

0.  900 

0200 

0.20 

O.nmffi 

0.  58 

0.011 

1.5 

1  JO 

4.  10 

12.4 

0.275 

O,  9G0 

5250 

0.30 

0.0071 

0.58 

0.012 

1.  \ 

no 

4.  24 

12.2 

0.  270 

0.  K!!a 

5200 

6.09 

0.0064 

0.  58 

0.011 

1.  it 

l«fU 

4.  20 

0. 

10 

12,  1 

0.  270 

0.  590 

5  inn 

li.112 

D.  0075 

0.58 

p 

o 

03 

0.  OG 

72 

1.8 

L  30 

4.  18 

12.  1 

0,  2fi5 

0.  B90 

5100 

a.  7f> 

0. 4)056 

_ 

0.  58 

0,0087 

1.4 

130 

4.  12 

n. a 

[),  265 

0.  065 

4  930 

8.  40 

a.  00.17 

[1.  56 

n.ooan 

1.4 

mo 

4.  OH 

11.6 

0.260 

O.HHo 

1000 

8.  3J 

0. 0049 

0.  58 

0.  0083 

1.  a 

Note  fkm/fico)  ('],  2h  x  103)  ■  fps.  Um'1)  (X.  54)  *  >rt.  "1,  (km^/.'sfe^J  (10.75  x  10^)  -  n2/a«c2 
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